The interendothelial space is a dynamic compartment that regulates the movement of molecules and cells across vascular beds. Adhesion proteins protrude into this space and form complexes with adhesion proteins on adjacent endothelial cells, creating a functional barrier. There are many adhesion complexes that contribute to endothelial junctional properties including PECAM-1/CD31 (platelet endothelial cell adhesion molecule), tight junctions, and adherens junctions (AJ). These proteins are expressed at high levels on the endothelium of the blood-brain barrier (BBB) and contribute to its selectivity and "tightness" ([@R1]--[@R3]). The BBB responds to neuroinflammation by remodeling junctional complexes. Intracellular signaling mediates this response and results in upregulation of adhesion molecules ([@R4]), dynamic reorganization of junctional complexes ([@R5]), and endothelial cell retraction ([@R6]). The resulting BBB disruption increases leukocyte transmigration, impairs central nervous system (CNS) metabolic homeostasis, and facilitates entry of pathogens into the CNS, all of which contribute to neurologic compromise ([@R7]--[@R10]).

The chemokine CCL2/monocyte chemoattractant protein-1 is associated with endothelial dysfunction ([@R11]). CCL2 is elevated in the CNS and cerebrospinal fluid of individuals with neuroinflammatory conditions characterized by BBB disruption and leukocyte CNS infiltration ([@R11]). Understanding the mechanisms underlying CCL2-mediated BBB dysregulation is critical to developing effective therapeutics. Many studies of the effects of CCL2 on brain microvascular endothelium have been performed in the mouse and examined tight junction proteins. While tight junctions are important regulators of BBB permeability, few studies have addressed the role of AJ in CCL2-mediated endothelial dysfunction. To characterize further the mechanisms mediating CCL2-induced changes to human brain microvascular endothelium, we examined the in vitro effects of CCL2 on adherens junction proteins.

We hypothesized that the altered endothelial barrier properties that occur in response to CCL2 are attributable to dysregulation of multiple adhesion molecules. Adherens junctions, in particular, play a primary role in contact inhibition ([@R12]) and in maintaining the mechanical strength and stability of endothelial cell contacts ([@R13]). In the vasculature, these structures are formed by homodimers of VE-cadherin (vascular-endothelial cadherin) ([@R14]), a transmembrane protein that is linked to the filamentous actin cytoskeleton by catenins ([@R15]). VE-cadherin directly binds β-catenin, and β-catenin is anchored to actin through association with α-catenin/α-actinin complexes ([@R16]). Several stimuli induce Src kinase-dependent phosphorylation of VE-cadherin and β-catenin, leading to loss of the AJ complex and its link to the cytoskeleton ([@R17]--[@R19]).

We now demonstrate that CCL2 induces tyrosine-phosphorylation of VE-cadherin and β-catenin, causing transient dissociation of AJ proteins. This is associated with recruitment of β-catenin to PECAM-1 and its subsequent sequestration at the membrane. PECAM-1 is a transmembrane protein that participates in leukocyte adhesion through its extracellular domain ([@R20]), intracellular signaling through its cytoplasmic tail ([@R21]), and regulates BBB permeability ([@R1]). We show that PECAM-1 is tyrosine-phosphorylated in response to CCL2. This enables recruitment of the phosphatase SHP-2 (Src homology 2 domain-containing protein phosphatase) to PECAM-1, release of β-catenin, and reassociation of β-catenin at the AJ. Thus, PECAM-1 sequestration of β-catenin is transient, allowing reformation of AJ complexes. We also demonstrate that PECAM-1 expression and localization at the cell surface is increased in response to CCL2. We propose that this increases CCL2-mediated signaling between PECAM-1 and the AJ as well as increases the haptotactic gradient for leukocytes, thereby facilitating leukocyte transendothelial migration. Our findings identify a potential mechanism for the BBB dysregulation and increased leukocyte entry into the CNS that is seen in neuroinflammatory conditions associated with elevated CCL2.

Materials and Methods {#S1}
=====================

Cell Culture and Treatment {#S2}
--------------------------

Primary human brain microvascular endothelial cells (HBMVEC; Applied Cell Biology Research Institute, Kirkland, WA) and immortalized primary human brain microvascular endothelial cells (hCMEC/D3) were used in experiments with consistent and similar results. We and others previously demonstrated that the BBB properties of confluent HBMVEC ([@R22],[@R23])(also refer to the company web site for the complete characterization, <http://www.cell-systems.com/cert/51/140/Products/Products/CSC-Primary-Human-Cells/Human-Microvascular-Endothelial-Cells>) and hCMEC/D3 are comparable ([@R24]--[@R27]). We also showed that both cell types have similar responses to CCL2 treatment, in transient opening of the barrier, and in changes in AJ. Cells were grown in M199 media (Gibco, Grand Island, NY) supplemented with 20% heat-inactivated newborn calf serum (Gibco, Grand Island, NY), 5% heat-inactivated human serum type AB (Lonza, Walkersville, MD), 1% penicillin-streptomycin (Gibco, Grand Island, NY), 0.8% L-glutamine (Gibco, Grand Island, NY), 0.1% heparin (Sigma, St. Louis, MO), 0.1% ascorbic acid (Sigma, St. Louis, MO), 0.25% endothelial cell growth supplement (Sigma, St. Louis, MO), and 0.06% bovine brain extract (Clonetics, Walkersville, MD). Experiments were conducted using cell passages four through eight and characterization of each cell type for EC specific markers, TJP and expression of BBB markers was performed. Prior to experimentation, all plates of cells were examined under phase contrast light microscopy to eliminate subconfluent and overconfluent cells or plates with dying cells. When selecting plates for use as a control or treatment condition at each time point, care was taken to match cell density.

Recombinant human CCL2/MCP-1 was obtained from R&D Systems (Minneapolis, MN) and was resuspended in 0.1% BSA in PBS. CCL2 was added directly to cell culture media to a final concentration of 200 ng/mL. We also used 50, 100, 300 and 500 ng/ml of CCL2 and obtained similar results. Src Kinase Inhibitor I (4-\[4′ -Phenoxyanilino\]-6,7-dimethoxyquinazoline, Calbiochem, Gibbstown, NJ) and RS102895, a CCR2 inhibitor, were resuspended in DMSO (Sigma, St. Louis, MO) and was added to media to a final concentration of 10 and 20 µM, respectively. Src Inhibitor I binds potently and reversibly to both the ATP-binding domain and peptide-binding domain of Src kinase family members. Inhibition of c-Src occurs at a 2 fold lower concentration than inhibition of other Src kinase family members, and at 7--680 fold lower concentration than other intracellular kinases (Calbiochem, Gibbstown, NJ).

Live Cell Imaging {#S3}
-----------------

Primary HBMVEC were grown to confluence on 0.2% gelatin (Fisher Scientific, Pittsburgh, PA)-coated 35 mm MatTek dishes (Ashland, MA). Prior to time-lapse imaging, cells were incubated in warm Dulbecco's modified Eagle's medium/DMEM (Gibco, Grand Island, NY) supplemented with 25 mM HEPES (USB Corporation, Cleveland, OH) to minimize pH changes and were then mounted on the stage of a semi-motorized Axio-Observer Zeiss microscope. Images were obtained at 1 minute intervals using a 40X oil lens and the Axiovision Rel 4.7 program.

Immunofluorescence {#S4}
------------------

Primary HBMVEC were grown to confluence on 0.2 % gelatin (Fisher Scientific, Pittsburgh, PA)-coated 35 mm MatTek dishes (Ashland, MA). Cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 1 hour and were permeabilized with 0.1% Triton X-100 (Sigma, St. Louis, MO). Blocking was performed for 1 hour with 5 mM EDTA (Gibco, Grand Island, NY), 1% fish gelatin (Sigma, St. Louis, MO), 1% essentially immunoglobulin-free BSA (Sigma, St. Louis, MO), 1% heat-inactivated human serum type AB (Lonza, Walkersville, MD), and 1% goat serum (Vector, Burlingame, CA) in deionized water. Cells were incubated in primary antibody overnight at 4°C and in secondary antibody for one hour at room temperature. Primary antibodies were used at a 1:200 dilution: p-Y-576/p-Y-577-FAK (Cell Signaling, Boston, MA); FAK, actin, PECAM-1, β-catenin (Santa Cruz, Santa Cruz, CA); vimentin and CCR2 (Abcam, Cambridge, MA). Isotype- and species-matched controls were also used at a 1:200 dilution and include normal goat IgG, normal rabbit IgG (Santa Cruz, Santa Cruz, CA), and goat anti-mouse IgG1 (Abcam, Cambridge, MA; Thermo Fisher Scientific, Rockford, IL). Nuclei were stained with DAPI (ProLong Gold antifade reagent, Invitrogen, Eugene, OR). Flurochrome-conjugated secondary antibodies were used at a 1:50 dilution and include rabbit anti-goat-FITC, sheep anti-mouse-Cy3, goat anti-mouse-FITC (Sigma, St. Louis, MO), and donkey anti-rabbit-Cy5 (Millipore, Billerica, MA). Cells were imaged at 40× magnification using a Leica AOBS laser scanning confocal microscope. Antibody specificity was verified using isotype- or species-matched control antibodies. Non-specific background immunofluorescence was minimal in all experiments.

Immunoprecipitation and Western Blot {#S5}
------------------------------------

Immortalized primary HBMVEC (hCMEC/D3) were used to minimize variability between experimental replicates in phosphorylation and immunoprecipitation studies. Monolayers of hCMEC/D3 were grown to confluence on 0.2 % gelatin (Fisher Scientific, Pittsburgh, PA)-coated 100 mm tissue culture dishes. Cells were lysed with 100 µL of RIPA buffer (Cell Signaling, Boston, MA) supplemented with Halt phosphatase inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL) and protease inhibitor cocktail (Roche, Indianapolis, IN). Total cellular protein concentration was determined by the Bio-Rad (Hercules, CA) protein assay. 140 µg of cellular lysate was used in immunoprecipitation studies. Lysate was brought to a total volume of 200 µL with lysis buffer and was pre-cleared with 20 µL protein G-conjugated agarose beads (Pierce, Rockford, IL). Lysate was incubated with 2 µg of primary antibody or an isotype-matched or species-matched control antibody overnight at 4°C with gentle rocking. Primary antibody was captured with 10 µL of protein G-conjugated agarose beads. Lysate was washed 5 times with lysis buffer. After fifth wash, buffer was aspirated from beads. The beads were resuspended in 7.5 µL deionized water and 7.5 µL 5x loading buffer (300 mM Tris-HCl, pH 6.8--8.0; 10% w/v SDS; 12.5% beta-mercaptoethanol; 50% glycerol; 0.1% bromophenol blue in deionized water). Prior to SDS-PAGE, immunoprecipitated protein was eluted from beads by boiling for 5 minutes. 15 µL of total immunoprecipitate was evaluated by Western blot on either 7.5% or 4--15% gradient Tris-HCl gels (Bio-Rad, Hercules, CA). Specificity of immunoprecipitation was confirmed for each immunoprecipitating antibody by demonstrating a lack of non-specific binding to proteins of interest by an isotype- or species-matched control antibody.

In Western blot of non-immunoprecipitated proteins, 40 µg of total cell lysate were evaluated. Protein was transferred to Protran nitrocellulose membrane (Whatman, Dassel, Germany) and blocked in 1X TBS/Casein blocker (Bio-Rad, Hercules, CA). Blots were incubated in primary antibody at 4°C overnight with gentle rocking. Following a 1 hour wash in 0.1% Tween/TBS, blots were incubated in HRP-conjugated secondary antibody at room temperature for 1 hour. Blots were again washed for 1 hour and protein expression was visualized using Western Lightning Chemiluminescence Reagent (PerkinElmer, Boston, MA). Radiographic films were developed to a non-saturated exposure. Absence of significant protein degradation was demonstrated by discrete bands on Western blot at expected molecular weights.

Antibodies used for immunoprecipitation and Western blot include: VE-cadherin, p-Y654-β catenin, β-catenin, α-actinin, PECAM-1, SHP-2, FAK, Fyn, c-Yes, normal goat IgG, normal rabbit IgG (Santa Cruz, Santa Cruz, CA); p-Y100, c-Src, p-Y-576/p-Y-577-FAK (Cell Signaling, Boston, MA); CCR2, p-Y658-VE-cadherin, p-Y654-beta catenin, goat anti-mouse IgG1 (Abcam, Cambridge, MA); and α-tubulin (Sigma, St. Louis, MO). HRP-conjugated secondary antibodies used to visualize protein on immunoblot include donkey anti-goat, goat anti-rabbit, and horse anti-mouse (Cell Signaling, Boston, MA). Precision Plus Kaleidoscope protein standard was obtained from Bio-Rad (Hercules, CA). Positive control lysates were used at a protein concentration of 40 µg and were obtained from Santa Cruz (Santa Cruz, CA): A-431 for adherens junction proteins, PECAM-1, SHP-2, and CCR2; A-431 + Calyculin A for tyrosine phosphorylated VE-cadherin; ECV304 + pervanadate for tyrosine phosphorylated PECAM-1; and NIH/3T3 + anisomycin for tyrosine phosphorylated FAK.

Subcellular Fractionation {#S6}
-------------------------

Protein from cytoplasmic, membrane, nuclear, and cytoskeletal fractions was obtained from confluent monolayers of primary HBMVEC grown on 0.2 % gelatin (Fisher Scientific, Pittsburgh, PA)-coated 100 mm tissue culture dishes using the ProteoExtract Subcellular Proteome Extraction Kit from Calbiochem (Gibbstown, NJ) according to manufacturer's instructions. Briefly, growth medium was removed from cells and monolayers were washed with ice-cold wash buffer. Proteins from different cellular compartments were then sequentially extracted using proprietary buffers. Extraction buffer I solubilized cytosolic proteins, buffer II released proteins from membrane and membrane-bound organelles, buffer III extracted nuclear proteins, and buffer IV solubilized proteins of the cytoskeleton. Buffers I-III were kept on ice and protein extraction was performed at 4°C. Extraction of the cytoskeletal proteins with buffer IV was performed at room temperature. Protease inhibitor cocktail was added to each buffer and nuclease was added to buffer III.

The Bio-Rad (Hercules, CA) protein assay was used to determine total protein content of each lysate obtained from subcellular fractionation. 10 µg of protein were evaluated by SDS-PAGE on 4--15% gradient Tris-HCl gels (Bio-Rad, Hercules, CA). Protein expression was evaluated in each cellular fraction by Western blot. VE-cadherin, β-catenin, and PECAM-1 (Santa Cruz, Santa Cruz, CA) expression in each cellular faction was normalized to a compartment-specific loading control: HSP 70 (Santa Cruz, Santa Cruz, CA) for the cytoplasmic fraction, cytochrome P450 reductase (Santa Cruz, Santa Cruz, CA) for the membrane fraction, histone H1 (Santa Cruz, Santa Cruz, CA) for the nuclear compartment, and α-tubulin (Sigma, St. Louis, MO) for cytoskeletal localization.

Biotinylation {#S7}
-------------

Confluent monolayers of primary HBMVEC grown on 0.2% gelatin (Fisher Scientific, Pittsburgh, PA)-coated 100 mm tissue culture dishes were washed three times with ice-cold PBS (pH 8.0). Cells were incubated in 2 mM Sulfo-NHS-biotin (Pierce, Rockford, IL) for 30 minutes at 4°C followed by 3 washes with ice cold 100 mM glycine in PBS to quench the reaction. Cells were lysed with 150 µL RIPA lysis buffer (Cell Signaling, Boston, MA) supplemented with Halt phosphatase inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL) and protease inhibitor cocktail (Roche, Indianapolis, IN) and were incubated for 1 hour on ice. Lysate was centrifuged at 14,000 rpm for 20 minutes at 4°C. Total protein content of supernatant was evaluated by the Bio-Rad (Hercules, CA) protein assay. 300 µg of total protein was brought to a final volume of 500 µL with lysis buffer and was incubated with 100 µL streptavidin-conjugated agarose beads (Invitrogen, Eugene, OR) overnight at 4°C. Lysate was again centrifuged at 14,000 rpm for 5 minutes at 4°C. Non-biotinylated supernatant was collected and kept on ice while protein-bound beads were washed 5 times with ice cold lysis buffer. After fifth wash, beads were aspirated dry and resuspended with 50 µL 1x Laemmli sample buffer (Bio-Rad, Hercules, CA). Biotinylated protein was separated from beads by boiling for 5 minutes and 30 µL was loaded on a 7.5% Tris-HCl gel (Bio-Rad, Hercules, CA). An equal volume of the non-biotinylated protein fraction was also loaded on the gel as a control. Expression of PECAM-1 and VE-cadherin (Santa Cruz, Santa Cruz, CA) were analyzed by Western blot. Restricted expression of α-tubulin (Sigma, St. Louis, MO) to the non-biotinylated fraction served as an internal control.

ELISA {#S8}
-----

Media was removed from confluent cultures of primary HBMVEC after treatment with CCL2 or 0.1% BSA/PBS. Media from 5 culture dishes (15 mL total) was concentrated to 250 µL using a Centriplus-YM50 centrifugal filter device (Millipore, Bellerica, MA) according to manufacturer's instructions. 15 mL of complete M199 was also concentrated to the same volume to control for soluble protein present in the sera component of the supplemented media. ELISA was used to determine soluble VE-cadherin and soluble PECAM-1 shed from cells in response to CCL2- or vehicle-treatment and present in media. ELISA was performed according to manufacturer's instructions. The limit of detection using the Human VE-cadherin/CD144 ELISA (PromoKine, Heidelberg, Germany) and ZyQuik sPECAM-1 ELISA Kit (Zymed, Carlsbad, CA) are 0.16 ng/mL and 0.48 ng/mL, respectively.

### Blood brain barrier (BBB) model using endothelial cells {#S9}

To examine whether CCL2 induced endothelial disruption that results in changes in permeability, we used BMVEC cultured on a gelatin-coated, 3 µm pore-size tissue culture insert (Falcon, BD, Franklin lakes, NJ) as we previously described, but without the human astrocytes ([@R28]--[@R32]). Confluent cells were treated with CCL2, SrcI, a CCR2 inhibitor, or vehicle and subsequent changes were evaluated by assessing permeability of the BMVEC monolayer to albumin conjugated to Evans blue dye as previously described ([@R28]). We did not detect any significant change in permeability with any treatment. This is consistent with our previous data ([@R33]) showing that CCL2 together with an additional insult changes permeability.

Densitometry and Data Analysis {#S10}
------------------------------

When evaluating protein phosphorylation, optical density (OD) of phosphorylated protein was compared to OD of non-phosphorylated band after normalization to α-tubulin. Immunoblots were stripped (Restore Plus Western Stripping Buffer, Pierce, Rockford, IL) of primary antibody to phosphoprotein and re-blocked prior to re-probing with antibody specific to non-phosphorylated form of protein. Loss of signal from phospho-specific antibody was confirmed prior to re-probing. In immunoprecipitation studies, OD of immunoprecipitated proteins was compared to OD of protein used for immunoprecipitation. In every co-immunoprecipitation experiment, each protein in the complex was sequentially used as immunoprecipitating protein with consistent results. To evaluate relative expression of protein in subcellular fractionation studies, OD of protein of interest was evaluated against loading control specific to each fraction. Similarly, to evaluate total cellular expression of PECAM-1, OD of protein of interest was compared to OD of α-tubulin. Densitometry was performed using Un-Scan-It gel analysis software (Silk Scientific, Orem, Utah). Densitometric analysis is reported as fold change and compares relative protein expression in CCL2-treated cells to vehicle-treated cells of same time point. To control for potential cell growth or death between time points, a control plate of cells was also used at the same time point as the experimental treatment. Thus, protein from CCL2-treated cells was compared to vehicle-treated cells at the same time point. This controlled for differences in protein expression seen between control plates at different time points. Statistics were obtained using a single factor ANOVA. Results were considered significant when p \< 0.05. All data were reproducible in at least three independent experiments.

Results {#S11}
=======

CCL2 disrupts junctional stability of human brain microvascular endothelial cells in a Src-dependent manner {#S12}
-----------------------------------------------------------------------------------------------------------

CCL2 is elevated in many neuroinflammatory conditions in which there is increased leukocyte recruitment and BBB disruption ([@R34]--[@R38]). The role of CCL2 in BBB disruption and leukocyte transmigration has been established both in vitro and in vivo ([@R39]). In particular, CCL2-mediated disruption of mouse endothelial tight junctions has been well described ([@R39]--[@R41]). However, few studies have evaluated the mechanisms by which CCL2-alters AJ at the BBB in human endothelium. We therefore examined the in vitro effect of CCL2 on the junctional integrity of primary human brain microvascular endothelial cells (HBMVEC) and of a human brain endothelial cell line (hCMEC/D3) ([@R26]).

We first confirmed the expression of CCR2, the receptor for CCL2 ([@R42]), on the endothelial cells (EC) used in these studies by both Western blot and immunofluorescence ([Figure 1](#F1){ref-type="fig"}). CCR2 expression was similar in HBMVEC and hCMEC/D3. Two CCR2 isoforms are produced by alternate mRNA splicing ([@R42]): CCR2A (45 kDa) and CCR2B (42 kDa). Each has similar affinity for CCL2 ([@R43]). The antibody used in our studies does not distinguish between the CCR2 isoforms. As a result, multiple bands are seen on Western blot.

The expression of CCR2 on cultured BMVEC and its functional interaction with CCL2 has been established ([@R44], [@R45]). CCL2 present in the perivascular space binds abluminal CCR2, is internalized, transcytosed, and displayed on luminal proteoglycans to create a chemokine gradient ([@R46], [@R47]). This enables leukocyte recruitment to sites of inflammation. When leukocytes interact with CCL2 on the vascular luminal surface, they become activated and release cytokines and chemokines, including CCL2, that facilitate their transmigration by opening junctional complexes ([@R48]). We therefore treated EC with CCL2 on the luminal surface to model CCL2 signaling during the immune response to CNS inflammation.

We treated confluent monolayers of primary HBMVEC with either 200 ng/mL CCL2 or an equal volume of 0.1% BSA in PBS, the CCL2 diluent, for 30 minutes and performed time-lapse imaging. This concentration is consistent with our previous studies in which 100--500 ng/mL CCL2 promoted leukocyte transmigration, and may represent local concentrations at sites of neuroinflammation ([@R33]). Others also found 200 ng/mL CCL2 to induce cellular chemotaxis ([@R49], [@R50]). Disruption of mouse BMVEC was demonstrated at 100 ng/mL CCL2 ([@R51], [@R52]). In our studies with human BMVEC, 200 ng/mL CCL2 was the optimal concentration at which we detected transient opening of the monolayer of BMVEC by microscopy, although we also detected similar changes in preliminary studies with 100 ng/ml of CCL2. [Figure 2](#F2){ref-type="fig"} demonstrates that CCL2 causes marked disruption of the EC monolayer as compared to vehicle-treated cells. Still images taken from the live-cell imaging series show gap formation between EC in response to CCL2 ([Figure 2D, E and F](#F2){ref-type="fig"}) that are not seen when HBMVEC are treated with diluent ([Figure 2A, B and C](#F2){ref-type="fig"}). Videos from which these still images for all of the conditions were taken are included as supplemental material (see [supplemental material](#SD4){ref-type="supplementary-material"}). As EC retract, they maintain contact through cellular processes, and then recoil such that monolayer integrity is only transiently open. This disruption of endothelial junctional integrity was observed over 30 minutes in the presence of CCL2 only. Diluent-treated cells did not retract or demonstrate visual evidence of disruption to monolayer integrity.

Src family kinases regulate endothelial permeability through cytoskeletal contraction ([@R53]), focal adhesion remodeling ([@R54]), and tight junction and adherens junction disassembly ([@R55]--[@R57]). Thus, we examined the role of Src in CCL2-mediated disruption of endothelial junctional integrity. Confluent monolayers of primary HBMVEC were pre-treated with 10 µM Src Inhibitor I (4-\[4′ -Phenoxyanilino\]-6,7-dimethoxyquinazoline), or an equal volume of DMSO (diluent), for 2 hours prior to CCL2 exposure. Pre-treatment with Src inhibitor abrogated the effects of CCL2 on monolayer integrity ([Fig. 2G, H and I](#F2){ref-type="fig"}). These findings indicate that CCL2-mediated modulation of HBMVEC junctional integrity is a Src-dependent process.

To demonstrate that CCR2, the receptor for CCL2, is involved in the opening of the monolayer of HBMVEC, we used video time lapse as described above. Pretreatment with RS102895, a CCR2 inhibitor (20 µM), as described and calibrated ([@R58]), was used to examine whether this compound blocked the effects of CCL2. RS102895 blocked completely the effects of CCL2 on monolayer integrity ([Fig. 2J, K and L](#F2){ref-type="fig"}). These findings indicate that CCL2-mediated modulation of HBMVEC integrity is CCR2 dependent.

CCL2 mediates Src-dependent FAK activation, which correlates with HBMVEC stress fiber and interendothelial gap formation {#S13}
------------------------------------------------------------------------------------------------------------------------

Focal adhesion kinase (FAK) and c-Src form a signaling complex that regulates contact between EC and the extracellular matrix ([@R59]). At adhesive interfaces called focal adhesions, integrins anchor cells to the basal lamina by binding to matrix proteins ([@R60]). During cell migration, focal adhesions are remodeled such that cells are able to move relative to the extracellular matrix ([@R61]). Association of FAK with c-Src and subsequent activation of both kinases is required for focal adhesion remodeling ([@R54], [@R62]). We examined the tyrosine phosphorylation of FAK in response to CCL2 at sites known to be phosphorylated by c-Src, as an additional mechanism of CCL2-mediated and Src-dependent EC motility.

Immortalized HBMVEC were used to examine protein phosphorylation to minimize variability between experimental replicates and to enable use of many experimental plates of cells at a low passage number. Monolayers of hCMEC/D3 were grown to confluence on a collagen matrix and were treated with either 200 ng/mL CCL2 or diluent. Cells were lysed and whole-cell lysate was evaluated by Western blot ([Figure 3A](#F3){ref-type="fig"}). Antibody specific to c-Src-phosphorylated tyrosine residues 576/577 on FAK was used as a marker of FAK activation ([@R62]). Blots were first evaluated with p-Y-576/p-Y-577-FAK antibody, followed by stripping, and re-probing with antibody to total FAK. Optical densities of tyrosine-phosphorylated FAK bands were evaluated relative to un-phosphorylated FAK and are reported as fold change relative to control at the same time point ([Figure 3B](#F3){ref-type="fig"}). CCL2-treated cells were compared to vehicle-treated cells at each time point to control internally for cell growth or death between time points. Tyrosine phosphorylation of FAK is increased in response to CCL2 relative to control cells at 15 and 30 minutes. By 45 minutes, FAK activation is the same as control ([Figure 3A and 3B](#F3){ref-type="fig"}). This corresponds with the time-lapse imaging sequence in which cell retraction and EC gap formation is evident after 30 minutes of CCL2 exposure.

To demonstrate Src-dependent FAK activation in response to CCL2, confluent hCMEC/D3 monolayers were pre-treated with 10 µM Src inhibitor or an equal volume of DMSO for 2 hours prior to chemokine treatment. CCL2 or diluent was then added to the culture medium. Cell lysates were obtained and evaluated by Western blot. Phosphorylation of FAK at known c-Src sites after 15 and 30 minutes of CCL2 exposure was abrogated by pre-treatment with Src inhibitor ([Figure 3A and 3B](#F3){ref-type="fig"}), demonstrating further the role of c-Src in CCL2-mediated disruption of endothelial barrier integrity.

We also demonstrated FAK activation to be associated with interendothelial gap and cellular stress fiber formation in EC monolayers ([Figure 3C](#F3){ref-type="fig"}). Primary HBMVEC were grown to confluence on collagen-coated MatTek dishes and were pre-treated for 2 hours with either 10 µM Src inhibitor or DMSO. Cells were then treated with 200 ng/mL CCL2 or diluent. After 30 minutes, cells were washed, fixed, and permeabilized. Cell nuclei (DAPI-blue), vimentin (FITC-green), α-actin (Cy3-red), and p-Y-576/p-Y-577-FAK (Cy5-magenta) were immunofluorescently labeled and visualized with confocal microscopy ([Figure 3C](#F3){ref-type="fig"}). There is minimal phosphorylation of FAK at c-Src sites in control cells (DMSO + 0.1% BSA/PBS). In contrast, in CCL2-treated cells, FAK phosphorylation is increased in association with formation of interendothelial gaps ([Figure 3C](#F3){ref-type="fig"}, asterisk), cellular stress fibers, and prominent perinuclear vimentin rings. Actin staining outlines the cortical actin ring and also demonstrates stress fiber formation in retracting cells ([Figure 3C](#F3){ref-type="fig"}, arrow). Vimentin is prominently organized in perinuclear rings in response to CCL2, consistent with internal force transduction from focal adhesions through intermediate filaments ([@R63]). Pretreatment with Src inhibitor reduces FAK phosphorylation and formation of interendothelial gaps and cellular stress fibers in response to CCL2 ([Figure 3C](#F3){ref-type="fig"}). These findings support a role for Src-dependent CCL2 signaling in focal adhesion remodeling, cell motility, and disruption of EC junctional integrity.

CCL2 mediates Src-dependent tyrosine phosphorylation of VE-cadherin and β-catenin {#S14}
---------------------------------------------------------------------------------

Adherens junctions are dynamic structures in EC that are rapidly remodeled in response to external stimuli ([@R64]). Src family kinases regulate AJ complexes ([@R55]), with tyrosine phosphorylation of VE-cadherin and β-catenin associated with AJ disassembly and increased EC permeability ([@R17], [@R57]). Since we found CCL2-mediated, Src-dependent disruption of EC junctions, we examined phosphorylation of VE-cadherin and β-catenin in response to CCL2.

During monolayer formation, AJ proteins are constitutively phosphorylated ([@R65]). However once contact inhibition is established and EC become confluent, tyrosine phosphorylation of adhesive complexes is reduced ([@R65]). Therefore, we grew monolayers of hCMEC/D3 to confluence and pre-treated them with 10 µM Src inhibitor or DMSO for 2 hours followed by exposure to either 200 ng/mL CCL2 or diluent. Whole-cell lysates were obtained and evaluated by Western blot ([Figure 4A and 4C](#F4){ref-type="fig"}). Antibodies to Y658 of VE-cadherin and Y654 of β-catenin, sites of c-Src phosphorylation ([@R66], [@R67]), were used to evaluate phosphorylation. Blots were stripped and re-probed with antibody to non-phosphorylated VE-cadherin and β-catenin. Densitometry was performed in which phosphorylated protein was compared to its non-phosphorylated form, and these values were compared between CCL2-treated and control-treated cells. Results are reported as fold change relative to control ([Figure 4B and 4D](#F4){ref-type="fig"}). In response to CCL2, tyrosine phosphorylation of both VE-cadherin and β-catenin at c-Src-specific sites is increased at 30 minutes relative to control and relative to the 15 and 45 minute time points ([Figure 4](#F4){ref-type="fig"}). Pretreatment with Src inhibitor abrogates this phosphorylation. These findings indicate that CCL2 mediates disruption of AJ complexes, and are consistent with the live-cell imaging and confocal microscopy in which EC retraction and interendothelial gap formation are evident after 30 minutes of CCL2 treatment.

CCL2 induces adherens junction disassembly {#S15}
------------------------------------------

Tyrosine phosphorylation of AJ proteins regulates the dynamic state and functional integrity of the interendothelial junction ([@R68]). We found VE-cadherin and β-catenin to be tyrosine-phosphorylated in response to 30 minutes of CCL2 treatment. Therefore, we examined the association of proteins at the AJ complex. Cultures of confluent hCMEC/D3 were treated with either 200 ng/mL CCL2 or diluent. Cells were lysed and AJ proteins were immunoprecipitated and evaluated by Western blot ([Figure 5A](#F5){ref-type="fig"}). Optical densities (OD) of co-immunoprecipitating proteins were evaluated relative to OD of the protein used for immunoprecipitation. Protein association in response to CCL2 was compared to control cells treated with vehicle for the same time period and is reported as fold change ([Figure 5B](#F5){ref-type="fig"}). The data are consistent regardless of whether antibody to VE-cadherin, β-catenin, or α-actinin is used as the immunoprecipitating protein. Species- or isotype-matched control antibodies were also used for immunoprecipitation to ensure that proteins were not non-specifically bound by antibody (data not shown). CCL2 induces a loss of association between VE-cadherin, β-catenin, and α-actinin at 30 minutes relative to control cells and relative to the 15 and 45 minute time points ([Figure 5A and 5B](#F5){ref-type="fig"}). This is in agreement with increased tyrosine phosphorylation of VE-cadherin and β-catenin after 30 minutes of CCL2 exposure and suggests disassembly of the AJ.

The cellular localization of VE-cadherin and β-catenin upon AJ disassembly was next examined. After exposure to 200 ng/mL CCL2 or diluent, confluent monolayers of primary HBMVEC were lysed with sequential buffers to fractionate the cellular lysate into cytoplasmic, membrane, nuclear, and cytoskeletal components. VE-cadherin and β-catenin were evaluated in each fraction by Western blot ([Figure 5C and 5E](#F5){ref-type="fig"}). Optical densities of AJ proteins were evaluated relative to loading control specific to each fraction. CCL2-mediated changes in VE-cadherin and β-catenin in each fraction were compared to vehicle-treated control cells and are reported as fold change ([Figure 5D and 5F](#F5){ref-type="fig"}). Quantifiable levels of VE-cadherin were detected in the membrane and cytoskeletal compartments ([Figure 5C](#F5){ref-type="fig"}). CCL2 did not alter the amount of VE-cadherin in the membrane compartment. However, concordant with its tyrosine phosphorylation, VE-cadherin distribution to the cytoskeletal fraction after 30 minutes of CCL2 treatment was reduced when compared to control and to the 15 and 45 minute time points ([Figure 5C and 5D](#F5){ref-type="fig"}). This suggests dissociation of VE-cadherin from filamentous actin and AJ disassembly.

The antibodies used to detect VE-cadherin are specific to the cytoplasmic domain. However, the extracellular domain of VE-cadherin can be shed proteolytically ([@R69]). To confirm that CCL2-mediated AJ disassembly is due to VE-cadherin tyrosine phosphorylation and subsequent dissociation from β-catenin and the actin cytoskeleton and not due to cleavage of the VE-cadherin ectodomain, soluble VE-cadherin (sVE-cadherin) in the culture media of primary HBMVEC was assayed by ELISA. Soluble VE-cadherin levels were so low as to be at the limit of detection of the assay, despite concentration of the culture media. There was no difference in the amount of VE-cadherin shed from HBMVEC cultures treated with 200 ng/mL CCL2 or with diluent at any time point assayed (data not shown). The serum component of the media also had undetectable levels of sVE-cadherin. Thus, CCL2 modulates junctional integrity by altering the cellular localization of AJ proteins and their association in multi-protein complexes, but not by inducing VE-cadherin shedding.

β-catenin was detected and quantifiable in all four compartments isolated by subcellular fractionation ([Figure 5E](#F5){ref-type="fig"}). In response to 30 minutes of CCL2 treatment, significant reductions in β-catenin partitioning to the cytoplasmic, nuclear, and cytoskeletal compartments occurred relative to control and relative to the 15 and 45 minute time points ([Figure 5E and 5F](#F5){ref-type="fig"}). This coincides with a significant increase in localization of β-catenin at the membrane. These findings indicate that when CCL2 induces β-catenin tyrosine phosphorylation, β-catenin not only dissociates from the AJ complex, but is also mobilized from other cellular compartments to the membrane, where it is sequestered.

CCL2 mediates PECAM-1 sequestration of β-catenin {#S16}
------------------------------------------------

PECAM-1 binds tyrosine-phosphorylated β-catenin and regulates its phosphorylation and cellular localization ([@R70]). We therefore evaluated association of β-catenin with PECAM-1 in response to CCL2 as a mechanism for its increased membrane localization. Confluent monolayers of hCMEC/D3 were treated with either 200 ng/mL CCL2 or diluent. Cells were lysed and PECAM-1 or β-catenin was immunoprecipitated from total cell lysate. Western blot was used to evaluate complex formation between these two proteins ([Figure 6](#F6){ref-type="fig"}). Data were consistent when either PECAM-1 or β-catenin was used as immunoprecipitant. Species-matched control antibodies were also used to ensure that non-specific binding did not occur (data not shown). In response to 30 minutes of CCL2 treatment, coincident with β-catenin tyrosine phosphorylation, there is increased association between PECAM-1 and β-catenin relative to control and to the 15 and 45 minute time points ([Figure 6A and 6B](#F6){ref-type="fig"}).

To confirm these findings, PECAM-1 and β-catenin in confluent primary HBMVEC monolayers were labeled with fluorescent antibodies and evaluated for their cellular localization with confocal microscopy. In control cells treated with diluent, β-catenin localizes to both the membrane and cytoplasm ([Figure 6C](#F6){ref-type="fig"}, panel 1). However after 30 minutes of CCL2 treatment, cytoplasmic β-catenin is recruited to the plasma membrane ([Figure 6C](#F6){ref-type="fig"}, panel 2) and to the cytoplasmic domain of PECAM-1 ([Figure 6C](#F6){ref-type="fig"}, panel 3). This supports the subcellular fractionation and co-immunoprecipitation findings in which β-catenin partitioning to the membrane compartment is increased in response to CCL2. We conclude that in response to CCL2, β-catenin is tyrosine phosphorylated, dissociates from the AJ, and is sequestered at the membrane by PECAM-1.

PECAM-1 has variable affinity for β-catenin and γ-catenin and has altered cellular signaling depending on whether its ectodomain has been cleaved from the cell surface ([@R71]). The antibody used to detect PECAM-1 is specific to the cytoplasmic domain. We therefore examined whether the ectodomain of PECAM-1 is shed in response to CCL2. Media from confluent cultures of primary HBMVEC treated with either 200 ng/mL CCL2 or diluent was concentrated 60 fold and evaluated by ELISA. There was minimal, if any, soluble PECAM-1 detected in the media. There was no difference in quantity of PECAM-1 shed from endothelial cells in response to CCL2 (data not shown). This indicates that CCL2 does not induce PECAM-1 shedding from HBMVEC. Thus, the sequestration of β-catenin by PECAM-1 is specific to full-length PECAM-1 and is not a consequence of altered PECAM-1 signaling properties.

CCL2 increases Src-dependent tyrosine phosphorylation of PECAM-1, which facilitates the rapid reconstitution of the adherens junction {#S17}
-------------------------------------------------------------------------------------------------------------------------------------

The time-lapse imaging studies demonstrate a transient disruption of junctional integrity in response to CCL2 in which endothelial cells retract and recoil. This is supported by the immunoprecipitation and subcellular fractionation studies where β-catenin dissociation from the AJ and recruitment to PECAM-1 at the plasma membrane is significantly increased after 30 minutes of CCL2 treatment, but rapidly reduced by 45 minutes. Thus, a mechanism must exist to liberate β-catenin from PECAM-1 such that it can traffic back to VE-cadherin and reform the AJ. The cytoplasmic domain of PECAM-1 contains two immunoreceptor tyrosine-based inhibitory motif (ITIM) domains ([@R72]) which, when phosphorylated by c-Src, can recruit a variety of SH2 domain-containing proteins, including protein phosphatases ([@R73], [@R74]). This provides a mechanism for dephosphorylating β-catenin and freeing it from its PECAM-1 anchor ([@R75]). We therefore examined PECAM-1 phosphorylation in response to CCL2.

Confluent monolayers of hCMEC/D3 were pre-treated with 10 µM Src inhibitor followed by treatment with either 200 ng/mL CCL2 or diluent. Cells were lysed and PECAM-1 was immunoprecipitated with a pan-phosphotyrosine antibody. Immunoblots were probed with antibody to PECAM-1. Cells treated with CCL2 or Src inhibitor were compared to vehicle-treated cells at the same time point as an internal control. Differences in PECAM-1 phosphorylation are reported as fold change relative to control. [Figure 7A and 7B](#F7){ref-type="fig"} demonstrate that in response to 30 minutes of CCL2 treatment, tyrosine phosphorylation of PECAM-1 is increased relative to control cells and to the 15 and 45 minute time points. PECAM-1 phosphorylation is Src-dependent, as pre-treatment with Src inhibitor reduces its phosphorylation.

We further demonstrated c-Src-mediated tyrosine phosphorylation of PECAM-1 by comparing PECAM-1/c-Src association to the association of PECAM-1 with the other Src family members. PECAM-1 was immunoprecipitated from CCL2- or diluent-treated hCMEC/D3 monolayers and its association with c-Src, fyn, and c-Yes was evaluated by Western blot. Results were similar when Src kinase family member was used to immunoprecipitate PECAM-1. c-Src was specifically found in increased association with PECAM-1 after 30 minutes of CCL2 treatment as compared to control cells, the 15 and 45 minute time points, and relative to the association of PECAM-1 with Fyn and c-Yes ([Figure 8A and B](#F8){ref-type="fig"}). No significant changes in interaction between PECAM-1 and Fyn ([Figure 8 c and D](#F8){ref-type="fig"}) or c-Yes kinase ([Figure 8 E and F](#F8){ref-type="fig"}) were observed. Collectively, our data indicate that CCL2 induces c-Src-dependent tyrosine phosphorylation of PECAM-1 after 30 minutes.

The protein phosphatase SHP-2 is recruited to PECAM-1 in response to PECAM-1 tyrosine phosphorylation ([@R76]), where it is able to interact with β-catenin ([@R75]). Thus, we examined the association of SHP-2 with PECAM-1 and β-catenin during CCL2-mediated AJ disassembly. Immunoprecipitation of these three proteins with each other was examined in confluent monolayers of hCMEC/D3 treated with 200 ng/mL CCL2 or diluent. Results were consistent regardless of which protein was used as immunoprecipitant. Optical density of immunoprecipitated protein was normalized to OD of protein used as immunoprecipitant. Association of proteins in response to CCL2 treatment was compared to vehicle-treated cells at same time point and is reported as fold change.

Relative to control-treated cells and to the 15 and 45 minute time points, association between PECAM-1, SHP-2, and β-catenin is increased after 30 minutes of CCL2 treatment ([Figure 7C and 7D](#F7){ref-type="fig"}). This corresponds with tyrosine phosphorylation of β-catenin ([Figure 4C and 4D](#F4){ref-type="fig"}), a protein modification that enables its binding to PECAM-1 ([@R70]). It also corresponds with tyrosine phosphorylation of PECAM-1 ([Figure 7A and 7B](#F7){ref-type="fig"}), which creates an SH2 binding domain at each of its two ITIM domains ([@R76]). As a result, SHP-2 is recruited to PECAM-1, interacts with β-catenin, and dephosphorylates it ([@R75]). Consistent with the subcellular fractionation data ([Figure 5E and 5F](#F5){ref-type="fig"}), β-catenin then dissociates from PECAM-1, trafficking back to the AJ by 45 minutes. This suggests that PECAM-1 serves as a temporary sink for β-catenin and that c-Src-dependent tyrosine phosphorylation of PECAM-1 regulates β-catenin trafficking in response to CCL2.

CCL2 increases surface and whole cell expression of PECAM-1 {#S18}
-----------------------------------------------------------

We found that PECAM-1 sequesters β-catenin at the membrane during CCL2-mediated AJ disassembly and endothelial disruption. PECAM-1 is an important regulator of the BBB ([@R1]). Endothelial cells contain approximately 1 million PECAM-1 molecules at their cell surface ([@R77]), with most molecules localizing to intercellular contacts ([@R78]). Therefore, we evaluated CCL2-mediated alterations in PECAM-1 cellular localization and expression.

Subcellular fractionation of confluent monolayers of primary HBMVEC treated with either 200 ng/mL CCL2 or diluent demonstrates that PECAM-1 is enriched in the membrane in response to CCL2 ([Figure 9A and 9B](#F9){ref-type="fig"}). After 15 minutes of CCL2 treatment, cytoplasmic and membrane PECAM-1 levels are elevated relative to control, suggesting increased protein stability and trafficking to the membrane. After 30 minutes, PECAM-1 enrichment at the membrane is maintained in response to CCL2 while cytosolic levels are decreased. This suggests decreased stability of cytosolic PECAM-1. However no degradation products were evident by Western blot, as PECAM-1 continued to be identified as a single molecular weight band. After 45 minutes of CCL2 treatment, PECAM-1 enrichment at the membrane relative to vehicle-treated cells is maintained, while cytoplasmic levels are near baseline. These data demonstrate a CCL2-mediated increase in PECAM-1 membrane localization, consistent with an enhanced ability to sequester β-catenin.

To determine whether PECAM-1 is localizing specifically to the cell surface as compared to other membrane compartments in response to CCL2, biotinylation was performed. Surface proteins from CCL2- or vehicle-treated confluent monolayers of primary HBMVEC were biotinylated and evaluated for PECAM-1 by Western blot. Surface PECAM-1 expression in response to CCL2 was compared to vehicle treated cells and is reported as fold change. Absence of α-tubulin expression in biotinylated fractions serves as an internal control. Consistent with subcellular fractionation data, surface PECAM-1 is increased in response to CCL2 ([Figure 9C and 9D](#F9){ref-type="fig"}). PECAM-1 enrichment at the plasma membrane is maintained after 2 hours of CCL2 treatment.

To confirm these findings, we immunofluorescently labeled PECAM-1 in confluent primary HBMVEC cultures. Consistent with the subcellular fractionation and biotinylation studies, PECAM-1 membrane immunoreactivity (FITC-green) was increased in response to CCL2 at 30 minutes ([Figure 6C](#F6){ref-type="fig"}) and at 2 hours ([Figure 10A](#F10){ref-type="fig"}). PECAM-1 also had prominent perinuclear localization, suggestive of synthesis and processing in the endoplasmic reticulum-golgi secretory pathway. However, differential perinuclear localization in response to CCL2 was not observed.

We also detected increased whole-cell PECAM-1 expression by immunofluorescence after 2 hours of CCL2 treatment ([Figure 10A](#F10){ref-type="fig"}). To examine this further, we evaluated the effects of prolonged CCL2 treatment on PECAM-1 expression by Western blot. Confluent monolayers of primary HBMVEC were treated with 200 ng/mL CCL2 or diluent. After normalization to α-tubulin, PECAM-1 expression in response to CCL2 was compared to control cells of the same time point. [Figures 10B and 10C](#F10){ref-type="fig"} demonstrate that CCL2 increases whole-cell PECAM-1 by 1.5--1.8 fold from 2 to 24 hours. There are approximately 1 million PECAM-1 molecules expressed at the junctional surface of an endothelial cell ([@R77]). This 1.5 fold or greater increase in PECAM-1 expression may have substantial effects on barrier integrity and leukocyte diapedesis. Collectively, our data indicate that in addition to disruption of the EC junctional integrity, CCL2 mobilizes PECAM-1 to the cell surface and increases the total PECAM-1 content in cells, thereby facilitating PECAM-1 sequestration of β-catenin during AJ disassembly.

CCL2 treatment does not result in detectable permeability of HBMVEC, despite the transient opening of the monolayer {#S19}
-------------------------------------------------------------------------------------------------------------------

To determine whether changes in adherens junctions in HBMVEC induced by CCL2 treatment result in permeability of the barrier, permeability was measured by albumin conjugated to Evans blue dye or by TEER. We cultured primary human BMVEC on 3 µm tissue culture inserts placed within a 24 well tissue culture dish. Cells were tested after 3 days in culture to allow them to reach confluence and impermeability. Inserts with confluent BMVEC were impermeable to albumin conjugated to Evans blue dye (data not shown) and showed resistance as measured by TEER. Treatment with 200 ng/ml or 500 ng/ml of CCL2 was performed for 30 and 45 min. Permeability was assayed using albumin conjugated to Evans blue dye as described in the Materials and Methods or by TEER. None of the treatments altered the permeability of the HBMVEC despite the transient opening of the barrier detected by microscopy (data not illustrated). Thus, our data indicate that despite the transient retraction of the HBMVEC described above, these changes are not sufficient to result in BBB permeability. In agreement, our previous published data demonstrated that CCL2 alone did not disrupt our human BBB model of endothelial cells cocultured with human astrocytes ([@R33]). However, in the presence of HIV infected leukocytes and CCL2, BBB integrity was compromised ([@R33]), while when there was no CCL2 or no HIV infection of leukocytes, there was no barrier disruption. Thus, while CCL2 is necessary for increased barrier permeability, additional factors, for example HIV infection, must be required for detectable disruption of the barrier.

Discussion {#S20}
==========

Blood-brain barrier disruption and leukocyte infiltration are common sequelae of neuroinflammation and are seen in meningitis ([@R79], [@R80]), HIV-associated neurocognitive disorder ([@R81], [@R82]), Alzheimer disease ([@R83], [@R84]), multiple sclerosis ([@R85], [@R86]), neuropsychiatric lupus ([@R87], [@R88]), and ischemic stroke ([@R89], [@R90]). CNS CCL2 is elevated in all of these conditions, and often corresponds with severity of disease ([@R34], [@R37], [@R38], [@R91]--[@R93]). CCL2 is a potent chemoattractant for monocytes ([@R94]) and is associated with EC dysfunction ([@R39]). Our results using human brain microvascular endothelial cells indicated that CCL2 treatment alone did not disrupt the barrier sufficiently to change BBB permeability. However, we propose that CCL2 "primes" the barrier to disruption by additional insults, including infectious agents such as HIV ([@R28], [@R33]). Its role in tight junction disruption has been established ([@R40], [@R95]); however, its effects on AJ and PECAM-1, two important regulators of BBB integrity ([@R1], [@R96]), have not been extensively examined. This study demonstrates a novel mechanism by which the EC junctional compartment may be disrupted during CCL2-associated neuroinflammation. We show for the first time an exquisite regulation between the AJ and PECAM-1 in response to CCL2, potentially altering BBB integrity. We also demonstrate that CCL2 increases the cell surface localization of PECAM-1, a response that may facilitate leukocyte entry into the CNS. Understanding the mechanisms of CCL2-mediated BBB disruption and leukocyte CNS recruitment is important for designing therapeutics directed at reducing neuroinflammation. Our data identify potential treatment targets that have clinical relevance for neuroinflammatory disease.

We demonstrate that CCL2 destabilizes AJ complexes. In response to CCL2, HBMVEC retract and form transient interendothelial gaps in confluent monolayers. This is associated with endothelial FAK activation and stress fiber formation, indicating focal adhesion remodeling. CCL2 induces tyrosine phosphorylation of VE-cadherin and β-catenin after 30 minutes, and this corresponds with loss of association of VE-cadherin and β-catenin with each other, with their α-actinin link to actin, and with their localization to the cytoskeleton. Upon dissociation from the AJ, tyrosine-phosphorylated β-catenin is sequestered at the plasma membrane by PECAM-1. Thus, we propose that this is an important regulatory mechanism to minimize β-catenin transcriptional activity and activation of cellular proliferation genes during its liberation from the AJ.

We find CCL2-mediated AJ disruption and β-catenin association with PECAM-1 to be transient. Concurrent with β-catenin phosphorylation and sequestration by PECAM-1, PECAM-1 is tyrosine-phosphorylated after 30 minutes of CCL2 treatment. This creates a binding site for proteins containing an SH2 domain ([@R73]). Upon PECAM-1 tyrosine phosphorylation, SHP-2 is recruited to PECAM-1. SHP-2 interacts with PECAM-1-bound tyrosine-phosphorylated β-catenin and likely dephosphorylates it, as we find a reduction in association of β-catenin with PECAM-1 after β-catenin/SHP-2/PECAM-1 complex formation. Thus, β-catenin is released from PECAM-1 and re-associates with VE-cadherin, resulting in reconstitution of the AJ. This is supported by increased partitioning of β-catenin to the cytoskeletal, cytoplasmic, and nuclear compartments after 45 minutes of CCL2 treatment relative to the 30 minute time point. Collectively, our data suggest a response by the BBB to CCL2 in which AJ are transiently disrupted as β-catenin shuttles back-and-forth between the AJ and PECAM-1 ([Figure 11](#F11){ref-type="fig"}). Fluxes in EC permeability may not only disrupt the metabolic homeostasis of the CNS, but may also permit the entry of inflammatory and neurotoxic substances, pathogens, and leukocytes through the BBB. Thus, CCL2-induced AJ disruption could contribute to CNS pathology in neuroinflammatory disease.

The mechanisms regulating the trafficking of β-catenin during CCL2-mediated BBB disruption are currently being examined in our laboratory. Ubiquitination regulates both the cellular localization and abundance of proteins ([@R97]). Glycogen synthase kinase 3 beta (GSK-3β) facilitates serine/threonine phosphorylation of β-catenin ([@R98]), thereby targeting β-catenin for ubiquitination ([@R99]). Akt is an upstream regulator of GSK-3β ([@R75]). Tyrosine-phosphorylated PECAM-1 recruits and activates phosphatidylinositol-3 kinase, an activator of Akt ([@R100]). Thus, by inducing PECAM-1 tyrosine phosphorylation, CCL2 may regulate GSK-3β -mediated ubiquitination of β-catenin, thereby altering its cellular localization.

Adherens junction disruption in response to CCL2 is potentially attenuated by PECAM-1 recruitment to the cell membrane. We find cell surface PECAM-1 to increase after CCL2 treatment from 15 minutes to 2 hours. This would increase the opportunity for β-catenin to be sequestered at the membrane away from the AJ and other cellular compartments in response to CCL2. The CCL2-mediated increase in total cellular PECAM-1 beginning at 2 hours and lasting for at least 24 hours may also sustain CCL2-mediated signaling between PECAM-1 and AJ for prolonged periods. The endothelium may respond to high CCL2 levels by increasing PECAM-1 and its surface localization to provide a temporary sink for β-catenin at the membrane so the AJ might be rapidly reconstituted. Upregulation of endothelial PECAM-1 expression and membrane localization may be a compensatory mechanism for CCL2-induced alterations in AJ integrity. This would be consistent with upregulation of CNS endothelial PECAM-1 in response to cerebral ischemia in rodents ([@R101]) and an earlier disease onset in experimentally induced autoimmune encephalitis in PECAM-1-deficient mice ([@R1]). Thus, by facilitating reconstitution of the CCL2-disrupted AJ, PECAM-1 may be protective during neuroinflammation.

Elevated PECAM-1 expression and cell surface localization also have implications for leukocyte transendothelial migration. Interactions between EC and leukocyte PECAM-1 facilitate leukocyte diapedesis through the interendothelial space ([@R102]). Disruption of these interactions by blocking antibody or peptide results in reduced leukocyte accumulation at sites of inflammation ([@R103]). Leukocyte transendothelial migration can occur over a time frame of 30 minutes to 24 hours ([@R33], [@R102], [@R104]). Thus, a CCL2-mediated increase in PECAM-1 expression and surface localization may enhance leukocyte-EC interactions and facilitate leukocyte entry into the CNS.

Our data support a role for c-Src in CCL2-mediated disruption of EC junctional integrity. CCL2-induced cellular retraction and interendothelial gap formation is inhibited by pre-treatment with Src inhibitor. Although the Src inhibitor has activity against multiple Src family members, CCL2-mediated FAK activation is specifically inhibited in our studies. The antibody used to assay FAK activation is specific to the tyrosine residue identified as a site of c-Src phosphorylation ([@R62]). Src inhibition also reduces CCL2-induced phosphorylation of VE-cadherin and β-catenin at c-Src-specific sites. PECAM-1 is tyrosine phosphorylated by c-Src ([@R74]) and our studies demonstrate reduced tyrosine phosphorylation in response to CCL2 with Src inhibitor pre-treatment. We also find increased association of c-Src with PECAM-1 after 30 minutes of CCL2 treatment, a time point associated with increased PECAM-1 tyrosine phosphorylation. Fyn and c-Yes, the other two Src family members that are constitutively found in EC ([@R105]), do not immunoprecipitate with PECAM-1 at increased levels after 30 minutes of CCL2 treatment. Collectively, our data indicate that c-Src mediates CCL2-induced signaling to PECAM-1 and the AJ and associated remodeling of the EC junctional space. This suggests that c-Src is a potential target for therapeutic intervention in neuroinflammatory disease. Small molecule Src inhibitors such as Dasatinib, AZD-0530, and SKI-606, are currently in phase II clinical trials for the treatment of cancer in part because Src-mediated vascular permeability facilitates tumor extravasation and metastasis ([@R106]). Dasatinib, in particular, has been shown to cross the BBB and have efficacy against CNS-penetrating leukemia ([@R107]). Thus, the potential exists for targeting Src-mediated EC dysfunction in neuroinflammatory disease.

Our data demonstrate some of the exquisitely controlled mechanisms by which CCL2 regulates the transient opening of the adherens junctions between brain endothelial cells. We propose that this transient opening of the junctions that does not result in detectable changes in BBB permeability necessary for transmigration of leukocytes into the brain. However, additional factors are required for significant transmigration above baseline. In pathological conditions, such as HIV infection, both factors, CCL2 and HIV infection, are necessary to result in disruption and increased transmigration of HIV infected leukocytes across the BBB, as we described previously ([@R33]). Our previous data also demonstrated that in the case of HIV infection of leukocytes, some of the adhesion molecules regulated by CCL2 are shed into the extracellular space and we propose that these soluble molecules also compete for the endothelial-endothelial interaction resulting in destabilization of the BBB ([@R108], [@R109]). It is possible that for other CNS pathologies characterized by elevated CCL2, such as multiple sclerosis, additional mediators likely act in concert with CCL2 (e.g. autoreactive T cells or other cytokines) to disrupt the barrier integrity. Thus, our current data provide a demonstration of the complex cellular and molecular mechanisms that facilitate the transient movement of adherents junction proteins in response to CCL2 and indicate future areas of investigation to examine how pathological conditions such as HIV infection, affect this highly regulated BBB integrity.

In summary, we provide the first demonstration in human cerebral EC of ([@R1]) CCL2-mediated disruption to the VE-cadherin AJ, ([@R2]) CCL2-induced signaling between PECAM-1 and the AJ, and ([@R3]) CCL2-associated increases in PECAM-1 expression and cell surface localization. These in vitro findings suggest BBB dysregulation during neuroinflammation. Specifically, our data provide a potential mechanism for loss of BBB integrity and increased CNS leukocyte transendothelial migration in response to CCL2. These findings have important implications for understanding and treating neuroinflammation and suggest that inhibition of Src signaling is a potential therapeutic target in the treatment of neuroinflammatory disease.
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![CCR2 is expressed by primary HBMVEC and hCMEC/D3 cells\
Expression of CCR2, the receptor for CCL2, was evaluated in the brain microvascular endothelial cells used in these studies. (A) 40 µg of total cellular protein from primary human brain microvascular endothelial cells (HBMVEC) and from the HBMVEC cell line hCMEC/D3 were evaluated by Western blot. An equal protein concentration from the THP-1 cell line was used as a positive control for CCR2. Two bands at 45 and 42 kDa represent splice variants of CCR2, CCR2A and CCR2B, respectively. (B) CCR2 expression was also evaluated by immunofluorescence and confocal microscopy. CCR2 (Cy3-red) is expressed in both cell types. Cell nuclei were stained with DAPI (blue). Bar = 18.75 µm.](nihms363511f1){#F1}

![CCL2 modulates junctional stability of HBMVEC by promoting Src and CCR2-dependent cell retraction and transient loss of monolayer confluence\
Confluent primary HBMVEC were pre-treated with 10 µM Src inhibitor, 20 µM CCR2 inhibitor (CCR2 Inh, RS102895) or DMSO (diluent) for 2 hours followed by treatment with 200 ng/mL CCL2 or diluent for 30 minutes. Time-lapse images were obtained every minute during the 30 minute CCL2 or diluent treatment. [Figure 2](#F2){ref-type="fig"} represents still images captured at the start of time-lapse imaging (A, D, G and J), after 15 min (B, E, H and K) and after 30 minutes (C, F, I and L). Images are representative of 3 independent experiments that yielded consistent results. CCL2 induces gaps in the EC monolayer (D, asterisks) that are not seen before CCL2 treatment (C) or in control diluent treated cells (B). This is abrogated by pre-treatment with Src inhibitor (H and I) or with CCR2 inhibitor (K and L). Cell retraction did not occur after diluents, Src or CCR2 inhibitor treatment without CCL2 treatment.](nihms363511f2){#F2}

![CCL2 promotes Src-dependent FAK activation and stress fiber formation in retracting EC\
(A) hCMEC/D3 were grown to confluence on gelatin-coated tissue culture dishes and pre-treated with 10 µM Src inhibitor or DMSO for 2 hours followed by treatment with 200 ng/mL CCL2 or diluent. Cells were lysed and 40 µg of total protein was analyzed by Western blot. Blots were first evaluated with p-Y-576/p-Y-577-FAK antibody, followed by stripping of phospho-specific antibody and re-probing with antibody to total FAK. [Figure 3A](#F3){ref-type="fig"} is a representative blot of 3 independent experiments. C = control lysate. (B) Optical density (OD) of tyrosine phosphorylated FAK was evaluated relative to OD of non-phosphorylated FAK. Densitometry is reported as fold change in tyrosine phosphorylated FAK in response to CCL2 relative to control at same time point. n=3. (\#) p \< 0.01. FAK activation, as evident by phosphorylation, is increased at 15 minutes and 30 minutes and is reduced with Src inhibitor pre-treatment. By 45 minutes, the level of FAK activation is equal to control. (C) Primary HBMVEC were grown to confluence on gelatin-coated MatTek dishes. Following Src inhibitor pre-treatment, cells were treated with 200 ng/mL CCL2 or diluent. Cells were fixed, permeabilized, and immunofluorescently stained with DAPI (blue)- nucleus, Cy3 (red)- p-y-FAK, FITC (green)- vimentin, and Cy5 (magenta)- actin. Cells treated with CCL2 demonstrate increased p-y-FAK staining in retracting cells relative to control cells. Interendothelial gaps in monolayer (asterisk) and EC stress fiber formation (arrow) are evident. Pre-treatment with Src inhibitor abrogates FAK phosphorylation and formation of interendothelial gaps and EC stress fibers.](nihms363511f3){#F3}

![Adherens junction proteins are tyrosine phosphorylated after 30 minutes of CCL2 treatment\
Confluent hCMEC/D3 were pre-treated with 10 µM Src inhibitor or DMSO for 2 hours followed by treatment with 200 ng/mL CCL2 or diluent. Cells were lysed and 40 µg of total protein were analyzed by Western blot. Blots were probed with phospho-specific antibody, stripped, and re-probed with antibody specific to non-phosphorylated protein. Optical density of phosphorylated protein was compared to OD of non-phosphorylated form. Densitometry is reported as fold change in protein phosphorylation in response to CCL2 relative to control at same time point. An intervening time point was removed from image and is represented by line in blot. Blots are representative of 3 independent experiments. C = control lysate. n=3. (\*) p \< 0.05. (\#) p \< 0.01. Tyrosine phosphorylation of VE-cadherin (A and B) and β-catenin (C and D) is increased at 30 minutes, relative to control and to the 15 and 45 minute time points. Src inhibitor pre-treatment abrogates VE-cadherin and β-catenin phosphorylation.](nihms363511f4){#F4}

![CCL2 promotes disassembly of the AJ\
(A) Confluent hCMEC/D3 were treated with 200 ng/mL CCL2 or diluent. Cells were lysed and 140 µg of total protein were immunoprecipitated and evaluated by Western blot. Optical density of pulled-down protein was compared to OD of immunoprecipitating protein. Protein association in response to CCL2 was compared to control cells at the same time point and is reported as fold change. Findings are consistent when VE-cadherin, β-catenin, or α-actinin is used to pull-down other components of the AJ. Blots are representative of 3 independent experiments. An intervening time point was removed from the image and is represented by a dividing line in the blot. C = control lysate. Association of VE-cadherin with β-catenin and α-actinin is reduced after 30 minutes of CCL2 treatment, indicating loss of AJ integrity. Adherens junction disassembly corresponds to VE-cadherin and β-catenin phosphorylation. (C--F) Cytoplasmic, membrane, nuclear, and cytoskeletal fractions were isolated using different buffers from CCL2- or vehicle-treated primary HBMVEC. 10 µg of total protein from each fraction was evaluated by Western blot. VE-cadherin was quantifiable in only the membrane and cytoskeletal fractions. Optical density of VE-cadherin and β-catenin were compared to OD of loading control specific to each fraction. Changes in protein localization in response to CCL2 were compared to control cells at the same time point and are reported as fold change. n=3. (\*) p \< 0.05, (\#) p \< 0.01. (C--D) After 30 minutes of CCL2 treatment, association of VE-cadherin with the cytoskeleton is reduced. This corresponds with VE-cadherin phosphorylation and decreased association with β-catenin and α-actinin. (E--F) In response to 30 minutes of CCL2 treatment, β-catenin localization to the cytoplasm, nucleus, and cytoskeleton is reduced, while its localization in the membrane is increased. This corresponds with β-catenin phosphorylation and AJ disassembly and indicates that β-catenin is being sequestered at the membrane away from other cellular compartments in response to 30 minutes of CCL2 treatment.](nihms363511f5){#F5}

![PECAM-1 sequesters β-catenin at the membrane in response to CCL2\
(A--B) 140 µg of total protein were immunoprecipitated from hCMEC/D3 treated with 200 ng/mL CCL2 or diluent. Results were consistent when either PECAM-1 or β-catenin was used in pull-down assay. Blots are representative of 3 independent experiments. An intervening time point was removed from the image and is represented by a dividing line in the blot. Optical densities were compared to OD of immunoprecipitating protein. Densitometry is represented as fold change in CCL2-treated cells relative to control cells. C= control lysate. n=3. (\#) p \<0.01. β-catenin is found in increased association with PECAM-1 in response to CCL2 relative to control cells and relative to the 15 and 45 minute time points. β-catenin/PECAM-1 association is coincident with β-catenin phosphorylation and dissociation from the adherens junction. (C) Immunocytochemistry was performed on primary HBMVEC treated with 200 ng/mL CCL2 or diluent for 30 minutes. Cells were fixed and permeabilized. β-catenin was stained with Cy3 (red) and PECAM-1 with FITC (green). The third panel is increased magnification of the area outlined in the second panel. After 30 minutes of CCL2 treatment, β-catenin is sequestered at the membrane by PECAM-1.](nihms363511f6){#F6}

![SHP-2 binds tyrosine phosphorylated PECAM-1 after 30 minutes of CCL2 treatment, allowing β-catenin to be dephosphorylated and released from PECAM-1 to reassemble the AJ\
140 µg of total protein were immunoprecipitated from hCMEC/D3 treated with 200 ng/mL CCL2 or diluent and evaluated by Western blot. Optical density of immunoprecipitated protein was normalized to OD of protein used as immunoprecipitant. Densitometry represents fold change in response to CCL2 treatment relative to control cells. Blots are representative of 3 independent experiments. C = control lysate. MC = immunoprecipitation with species- or isotype-matched control antibody. WL = whole cell lysate (not immunoprecipitated). n=3. (\#) p \< 0.01. (A--B) Cells were pre-treated with 10 µM Src inhibitor or DMSO for 2 hours prior to CCL2 treatment. Results were consistent when antibody to phosphotyrosine or PECAM-1 was used for immunoprecipitation. An intervening time point was removed from image and is represented as a line in the blot. CCL2 increases tyrosine-phosphorylation of PECAM-1 at 30 minutes, which is abrogated by pre-treatment with Src inhibitor. (C--D) PECAM-1 tyrosine phosphorylation corresponds with increased recruitment of SHP-2 and PECAM-1/SHP-2/β-catenin complex formation. Results were consistent when PECAM-1, β-catenin, or SHP-2 was used for immunoprecipitation.](nihms363511f7){#F7}

![CCL2 preferentially promotes association of c-Src with PECAM-1 relative to other Src family kinases\
Confluent cultures of hCMEC/D3 were treated with 200 ng/mL CCL2 or diluent. 140 µg of total protein were immunoprecipitated and evaluated by Western blot. Results were consistent when either PECAM-1 or Src family member were used as immunoprecipitating protein. Optical density of immunoprecipitated protein was normalized to OD of protein used as immunoprecipitant. Densitometry represents fold change relative to control cells. Blots are representative of 3 independent experiments. (\*) p \< 0.05, (\#) p \< 0.01. CCL2 increases the association of c-Src with PECAM-1 at 30 minutes, compared to the 15 and 45 minute time points and compared to control. This is consistent with an increase in tyrosine phosphorylation of PECAM-1 after 30 minutes of CCL2 treatment. Fyn and c-Yes were not found in increased association with PECAM-1 after 30 minutes of CCL2 treatment.](nihms363511f8){#F8}

![PECAM-1 surface localization is increased in response to CCL2\
Confluent primary HBMVEC were exposed to 200 ng/mL CCL2 or diluent. (A and B) Cytoplasmic, membrane, nuclear, and cytoskeletal fractions were isolated using different buffer systems. 10 µg of total protein from each fraction was evaluated by Western blot. PECAM-1 was quantifiable in cytoplasmic and membrane fractions. Optical density of PECAM-1 was compared to OD of loading control specific to each fraction. Densitometry is reported as fold change in CCL2-treated cells relative to control cells at the same time point. Blots are representative of 3 independent experiments. (\#) p \< 0.01. After 15, 30, and 45 minutes of CCL2 treatment, PECAM-1 localization to the membrane compartment is increased. (C--D) After treatment with either CCL2 or diluent, cell surface proteins were biotinylated, immunoprecipitated with streptavidin conjugated to agarose beads, and evaluated by Western blot. Optical densities of PECAM-1 from CCL2-treated cells were compared to vehicle-treated cells from same time point. Densitometry is reported as fold change in CCL2-treated cells relative to control. Immunoreactivity of non-biotinylated, but not biotinylated fraction, to α-tubulin demonstrates that only surface proteins were biotinylated. C = control lysate. NB = non-biotinylated fraction. n=3. (\#) p \< 0.01. CCL2 induces PECAM-1 mobilization to the cell surface by 15 minutes and is maintained for at least 2 hours.](nihms363511f9){#F9}

![CCL2 increases total cellular PECAM-1\
Primary HBMVEC were treated with 200 ng/mL CCL2 or diluent. (A) Cells were fixed and permeabilized. Immunofluorescence was used to visualize PECAM-1 distribution and abundance (FITC- green). Nuclei were stained with DAPI (blue) and β-catenin was stained with Cy3 (red). After 2 hours of CCL2 exposure, whole cell expression of PECAM-1 is increased. (B--C) 40 µg of protein was evaluated by Western blot. Optical density of PECAM-1 was normalized to the OD of α-tubulin. Densitometry represents fold change in PECAM-1 expression in response to CCL2 relative to control cells at same time point. n=6. (\*) p \< 0.05, (\#) p \< 0.01. CCL2 increases total cellular PECAM-1 from 2--24 hours.](nihms363511f10){#F10}

![CCL2 induces shuttling of β-catenin between PECAM-1 and the AJ in HBMVEC such that the AJ and monolayer integrity are transiently disrupted\
(A) CCL2 induces tyrosine phosphorylation of VE-cadherin, β-catenin, and PECAM-1 after 30 minutes of exposure. (B) VE-cadherin and β-catenin tyrosine phosphorylation result in loss of AJ integrity. Tyrosine phosphorylated β-catenin binds to PECAM-1 and is sequestered at the plasma membrane. (C) Tyrosine phosphorylation of PECAM-1 in response to CCL2 creates a docking site for the protein phosphatase SHP-2. Binding of SHP-2 to PECAM-1 promotes dephosphorylation of β-catenin by SHP-2 and release of β-catenin from PECAM-1. β-catenin reassociates with VE-cadherin and reforms the AJ. Thus, CCL2 mediates a transient disruption of the AJ through the temporary sequestration of β-catenin by PECAM-1 at the plasma membrane.](nihms363511f11){#F11}
